A major goal of evolutionary biology is to identify the causes of diversification and to ascertain why some evolutionary lineages are especially diverse. Evolutionary biologists have long speculated that polyphenism-where a single genome produces alternative phenotypes in response to different environmental stimuli-facilitates speciation, especially when these alternative phenotypes differ in resource or habitat use, i.e. resource polyphenism. Here, we present a series of replicated sister-group comparisons showing that fishes and amphibian clades in which resource polyphenism has evolved are more species rich, and have broader geographical ranges, than closely related clades lacking resource polyphenism. Resource polyphenism may promote diversification by facilitating each of the different stages of the speciation process (isolation, divergence, reproductive isolation) and/or by reducing a lineage's risk of extinction. Generally, resource polyphenism may play a key role in fostering diversity, and species in which resource polyphenism has evolved may be predisposed to diversify.
INTRODUCTION
How do new species arise, and why are some groups of organisms more species rich than others? In this article, we consider a possible key facilitator of both speciation and species richness: the widespread tendency of individual organisms to produce discrete, alternative phenotypes in response to different environmental stimuli, a phenomenon known as polyphenic development or polyphenism (sensu Mayr 1963) .
Evolutionary biologists generally agree that speciation begins when populations become differentiated genetically and isolated reproductively (see recent reviews in Schluter 2000; Coyne & Orr 2004; Bolnick & Fitzpatrick 2007) . But what factors cause such divergence, and why do some lineages seem especially prone to undergo this process? Divergence (and subsequent reductions in gene flow between populations) may be triggered when one population disperses and colonizes a new habitat or when two populations become isolated through a vicariance event (i.e. when a single population is split into two by a new physical barrier). Alternatively, divergence may arise as an adaptive response to disruptive selection acting to minimize potentially costly interactions among individuals within populations, such as intraspecific resource competition (Maynard Smith 1966; Rosenzweig 1978; Wilson & Turelli 1986; Wilson 1989; Dieckmann & Doebeli 1999; Dieckmann et al. 2004 ). This process, termed 'adaptive speciation' (sensu Dieckmann et al. 2004) , may account for much biological diversity (reviewed in Schluter 2000; Dieckmann et al. 2004; Rundle & Nosil 2005; Bolnick & Fitzpatrick 2007) .
When evaluating the causes of speciation, research has focused primarily on genetic and ecological mechanisms (e.g. Schluter 2000; Coyne & Orr 2004; Rundle & Nosil 2005; Grant & Grant 2008) . By contrast, the role of development has been largely overlooked. This omission is surprising, given that many of life's most spectacular bouts of diversificationadaptive radiations-appear to be triggered by key innovations stemming from developmental changes (Simpson 1944; Simpson 1953; Heard & Hauser 1995; Schluter 2000) . The evolution of a key innovation, especially one that enables individuals to exploit resources in a novel way, can cause a lineage to diversify into many descendent species (Niklas et al. 1983; Bambach 1985; reviewed in Schluter 2000) .
Here, we explore whether polyphenic development facilitates adaptive lineage splitting and speciation. Polyphenic development arises when a single genome produces two or more alternative phenotypes in response to different environmental stimuli (Moran 1992; West-Eberhard 2003) . In essence, individuals with identical genomes express distinctively different adaptive phenotypes in response to environmental cues that determine which genes, and, thereby, which of several alternative developmental pathways, will be expressed (Nijhout 2003) . Alternative phenotypes that arise through this process often differ markedly not only in morphology, but also in behaviour, ecology and physiology (Nijhout 2003; West-Eberhard 2003) .
We specifically focus on resource polyphenism, which we define as the occurrence within a single population of environmentally triggered alternative phenotypes showing differential resource use. Such polyphenism has been documented in diverse organisms, from viruses to salamanders (table 1) . Resource polyphenism has long been viewed as a critical, early stage in the speciation process (Maynard Smith 1966; Felsenstein 1981; West-Eberhard 1989 , 2005 Meyer 1993; Wimberger 1994; Smith & Skú lason 1996; Skú lason et al. 1999; Stauffer & Gray 2004; Mallet 2008) . Historically, this belief has been grounded in the observation that phenotypic differences between alternative morphs are often comparable to those normally seen between species (e.g. Liem & Kaufman 1984; Hendry et al. 2006; Calsbeek et al. 2007) . Indeed, many populations that differ in the expression of resource polyphenism possess some of the same characteristics as species, including ecological and genetic differences and even partial reproductive isolation (Meyer 1993; Wimberger 1994; Smith & Skú lason 1996; Skú lason et al. 1999; Hendry 2009 ), suggesting that they are clear forerunners of species (West-Eberhard 2005; Mallet 2008; Hendry 2009 ).
Furthermore, the ability to express alternative resource-use morphs facultatively in response to different environmental conditions may itself represent a key innovation that triggers an adaptive radiation (West-Eberhard 2003) . Such phenotypic plasticity may facilitate peak shifts on the adaptive landscape that would not be possible via the accumulation of genetic changes (Pál & Miklos 1999; Price et al. 2003; Schlichting 2004; Pfennig et al. 2006) . If this plasticity is accompanied by genetic assimilation (Waddington 1953) or genetic accommodation (West-Eberhard 2003) , speciation and adaptive radiation can result (West-Eberhard 2003) .
In addition to possibly promoting the formation of new species, resource polyphenism might increase diversity indirectly by reducing extinction risk. In other words, polyphenism may maintain existing species. Any factor that reduces extinction risk should also tend to promote species richness, because reduced extinction (i) leads to more species in a clade, each of which provides additional opportunity for speciation, and (ii) gives the clade more time to diversify. Thus, reduced extinction could indirectly lead to greater species richness through greater number of lineages and more time to diversify per lineage.
Polyphenism may play a largely underappreciated role in lessening a lineage's risk of extinction (Bradshaw 1965) , thereby providing them with more opportunity to diversify. In particular, because polyphenic development provides a mechanism whereby an organism can respond rapidly and adaptively to environmental change (reviewed in West-Eberhard 1989), organisms in which resource polyphenism has evolved should be less sensitive to changing environments than those in which it has not evolved. Moreover, because polyphenism enables organisms to adjust quickly to variable environments, such organisms should also be able to occupy a wider range of habitat types. An ability to invade diverse habitats may thereby reduce a lineage's risk of extinction; organisms that are more widely distributed appear to be less vulnerable to extinction ( Jablonski 1986 ), presumably because they are less susceptible to deterioration of any one habitat or part of their geographical range. Thus, polyphenic development may planktivore versus cannibal niches Collins & Cheek (1983) long-toed salamander larvae (Ambystoma macrodactylum) planktivore versus cannibal niches Walls et al. (1993) ringed salamander larvae (Ambystoma annulatum) planktivore versus cannibal niches Nyman et al. (1993) Asian salamander larvae (Hynobius retardatus)
omnivore versus carnivore niches Michimae & Wakahara (2002) promote diversification in two ways: by facilitating speciation, and by reducing extinction. Despite these longstanding arguments that phenotypic plasticity in general-and polyphenism in particular-foster diversification, there are relatively few empirical tests of these ideas (see Losos et al. 2000; Pfennig & Murphy 2002; Gomez-Mestre & Buchholz 2006; Parsons & Robinson 2006; Ledó nRettig et al. 2008; Wund et al. 2008 ). Yet, such tests are critically needed if we are to clarify the causes of diversification and establish whether (and why) some taxa are predisposed to diversify.
In the present study, we sought to fill these gaps. In particular, we present a comparative analysis aimed at evaluating whether evolutionary lineages in which resource polyphenism has evolved tend to be more species rich, as would be predicted if there were a causal relationship between resource polyphenism and diversification. We also examine whether taxa expressing resource polyphenism occupy more diverse habitats. We did so because taxa with broader ranges may be less likely to go extinct and therefore have more opportunity to diversify.
Before presenting these tests, however, we begin by discussing how resource polyphenism arises. Our goal here is to illustrate the continuity between the evolution of resource polyphenism and speciation by describing how a prime agent of adaptive speciation-intraspecific resource competition (see above)-also favours resource polyphenism.
EVOLUTION AND DEVELOPMENT OF RESOURCE POLYPHENISM
Resource polyphenism has long been viewed as an adaptive response to lessen intraspecific competition for resources (reviewed in Smith & Skú lason 1996) . To understand why, consider a population experiencing intense intraspecific competition for a continuously varying resource. In such a situation, disruptive selection should favour individuals with extreme resource-use traits, because such individuals specialize on less common, but underused, resources on either end of the resource gradient (figure 1). This process is driven by negative frequencydependent selection, in which rare resource-use phenotypes have a fitness advantage because of decreased competition with more common forms (Pfennig 1992; Day & Young 2004; Rueffler et al. 2006) . Moreover, if such selection persists, it may promote the evolution of alternative phenotypes within the same population that specialize on different resource types (Smith & Skú lason 1996) .
Generally, however, the evolution of resource polyphenism requires more than intraspecific competition for resources. In particular, in order for resource polyphenism to evolve, there must also be sufficient ecological opportunity in the form of alternative resources underused by other species (sensu Simpson 1953; Schluter 2000) . Because resource polyphenism entails the evolution of a novel resource-use phenotype, an 'open niche' must be available for this new resource-use phenotype to occupy. Without underused resources, niche width expansion, and thus, the evolution of resource polyphenism, is not feasible. When underused resources are present, by contrast, a population can expand the range of resources that it uses as an adaptive response to lessen intraspecific competition, thereby enabling resource polyphenism to evolve (Martin & Pfennig in press; figure 1).
As predicted by theory, resource polyphenism occurs most often in situations where intraspecific competition is intense, underused resources are present, and there is a relaxation of interspecific competition (the latter two factors combine to increase ecological opportunity). For example, lakes in recently glaciated regions of the Northern Hemisphere are relatively resource poor, which serves to increase intraspecific competition, and relatively species poor, which serves to increase ecological opportunity. In such lakes, many species of fishes produce two, sympatric, environmentally induced morphs: a benthic morph, which specializes on macroinvertebrates in the littoral zone, and a limnetic morph, which specializes on plankton in the open water (reviewed in Robinson & Wilson 1994; Wimberger 1994; Skú lason et al. 1999; Robinson & Parsons 2002) . Similarly, environmentally induced trophic morphs occur among amphibians that inhabit environments where intraspecific competition is intense, underused resources are present, and there are few heterospecific competitors (e.g. Collins 1981; Pfennig 1990; Walls et al. 1993; Michimae & Wakahara 2002) .
The environmental cues that induce resource polyphenism are often associated with intraspecific competition and ecological opportunity, as would be expected if these factors favour the evolution of resource polyphenism. For example, many alternative resource-use morphs are induced by tactile cues associated with an increased density of conspecifics (e.g. Collins & Cheek 1983; Hoffman & Pfennig 1999) or by the handling and/or ingestion of underexploited resources (e.g. Gilbert 1973; Pfennig 1990; Day et al. 1994; Padilla 2001; Michimae & Wakahara 2002) . Moreover, in many systems, which morph an individual expresses depends on its size or condition at the point in development when morph determination takes place. For example, in tiger salamanders (Maret & Collins 1997 ) and spadefoot toad tadpoles (Frankino & Pfennig 2001) , larger individuals are more likely to develop into the more robust cannibal or carnivore morph. Such condition dependence makes adaptive sense: larger individuals are more likely to succeed at preying on larger food items (e.g. Frankino & Pfennig 2001) .
Because polyphenism is environmentally induced, it is sometimes regarded as 'non-genetic polymorphism' (e.g. Jablonka & Lamb 1995, p. 238) . However, in most examples that have been studied thoroughly, the magnitude and direction of the plastic response to the environment (the norm of reaction) is genetically variable, suggesting that polyphenism is subject to natural selection and evolutionary change (Schlichting & Pigliucci 1998; West-Eberhard 2003; Windig et al. 2004) . This is certainly true for resource polyphenism. For example, there is considerable variation in the degree to which resource polyphenism is inducible by the environment among species of spadefoot toads, and, within species, among populations (e.g. Pfennig & Murphy 2002) . Indeed, even within a single population, different sibships vary in propensity to produce alternative tadpole phenotypes (Pfennig 1999) .
Greater sensitivity to environmental cues should be favoured by natural selection whenever the expected fitness of a particular phenotype is strongly influenced by environmental features that can be assessed reliably (Charnov & Bull 1977; Lively 1986; Pfennig 1990; West-Eberhard 2003) . Generally, polyphenism is expected to be favoured over strictly genetically determined polymorphism when individuals can assess environmental cues that reliably predict the likely success of one of the morphs (for the basic theory, see Charnov & Bull 1977; Lively 1986 ).
Having reviewed how resource polyphenism arises, we now turn to polyphenic development's possible role in speciation. In particular, we present the results of a comparative analysis in which we addressed two questions: First, are evolutionary lineages in which resource polyphenism has evolved more species rich, as would be expected if there were a causal relationship between resource polyphenism and speciation? Second, do evolutionary lineages in which resource polyphenism has evolved tend to have broader geographical ranges?
METHODS (a) Resource polyphenism and species richness
If resource polyphenism promotes speciation, as evolutionary biologists have long suspected (see §1), then it should leave a signature on patterns of species richness in different clades. In particular, clades in which resource polyphenism has evolved should be more species rich than closely related clades in which resource polyphenism has not evolved.
One way to address such an issue is to compare the species richness of sister taxa, one of which contains the trait in question and the other which does not. By sister taxa, we mean two taxonomic groups (e.g. genera) that are derived from an immediate common ancestor and are therefore each other's closest relatives. Because sister taxa are of the same age, then any differences between them in species richness must be because of a difference in the rate of diversification and not age (Futuyma 2005) . Moreover, if a character (such as the presence of resource polyphenism) is consistently associated with high diversity in a number of independently evolving clades, then the data would suggest that this character is associated with (and possibly caused) the higher rate of diversification.
Such replicated sister-group comparisons do, however, have a number of important limitations. First, as with all such comparative analyses, the data are merely correlational. Thus, although such analyses can be used to detect a relationship between some trait of interest and speciation, it is neither possible to determine the direction of causation, nor to rule out entirely uncontrolled, confounding variables (Barraclough et al. 1999) . Second, in order to strengthen the case that the trait of interest actually caused the higher level of diversification in a particular clade, one should show that the trait is basal within the clade. However, this may not be possible in all cases (unless all members of the clade possess the trait), either because of poor resolution of the phylogenies, or because of incomplete information regarding the distribution of the trait of interest in each clade (especially if the trait is expressed facultatively). These limitations notwithstanding, replicated sistergroup comparisons can be a powerful approach for testing hypotheses about the evolution of species richness within groups. Indeed, replicated sister-group comparisons have been widely used to study the factors that promote speciation (Read & Nee 1995; Barraclough et al. 1999; Barraclough & Nee 2001) .
We performed such an analysis to explore the possible relationship between resource polyphenism and species richness in various fishes and amphibian taxa (resource polyphenism is relatively common in these two classes; table 1). We identified five major clades: centrarchid fish, salmonid fish, Neotropical cichlids, spadefoot toads and mole salamanders (see appendix A). Each clade contains two or more species known to have resource polyphenism (for illustrations of representative resource polyphenisms in these clades, see figure 2 ). Major clades with only one known polyphenic species (e.g. smelt, sticklebacks and Hynobius salamanders) were excluded from our analysis because low taxon sampling for polyphenism confounded our ability to assign a likely node for pairwise comparison.
Sister clades with no known polyphenic species were identified using molecular phylogenies incorporating both mitochondrial and nuclear DNA data (appendix A). Whenever possible, we focused on comparisons between well-resolved nodes and avoided pairwise comparisons with sister clades containing many rare, endangered or otherwise poorly studied groups. We also attempted to avoid comparisons to clades with sympatric trophic phenotypes similar to known polyphenisms in their close relatives (McCart 1970; Meyer 1993) . The Integrated Taxonomic Information System online database (http://www.itis.gov) and Fishbase (www.fishbase.org) were used to generate data on the number of species in each clade, except in cases where recent molecular phylogenies re-assigned species, as was the case for the heroine and cichlasomatine cichlids (Smith et al. 2008) .
We treated the presence of polyphenism within a clade as a binary character, the number of species as a continuous character, and mapped these states onto pairs of sister clades. We then tested for a correlation between the presence of polyphenic species and the number of species in a clade using the In the southwestern USA, tiger salamanders (Ambystoma tigrinum) breed in temporary ponds that lack a top predator, such as fish. Competition for resource is frequently intense, and larvae often succumb before metamorphosis, particularly in rapidly drying ponds. In these ponds, the larvae often occur as two discrete morphs that differ in resource use. Typical larvae have a relatively small head and feed on small invertebrates. Under crowded conditions, however, some individuals develop a more robust head and larger teeth. These induced individuals are highly cannibalistic, occupying the formerly vacant top-predator niche. Here, a cannibal morph larva is shown engulfing a typical-morph larva. (b) In many lakes in recently glaciated regions of the Northern Hemisphere, many species of fish, such as Arctic charr, Salvelinus alpinus (shown here) occur as discrete morphological, behavioural and life history morphs that specialize on alternative ecological niches: a limnetic morph (upper fish) and a benthic morph (lower fish). The limnetic morph forages on zooplankton in the open water of the lake, whereas the benthic morph forages on invertebrates in the littoral zone of the lake. (c) In the southwestern USA, spadefoot toad tadpoles (genus Spea) frequently occur within the same ephemeral ponds as two environmentally induced ecomorphs: an omnivore morph (upper tadpole), which feeds mostly on detritus and plankton on the pond bottom, and a large-headed carnivore morph (lower tadpole), which feeds mostly on large anostracan fairy shrimp in the water column.
(b) Resource polyphenism and geographical range We found that lineages in which resource polyphenism has evolved tend to be more species rich (see §4a). We therefore sought to determine if the presence of a resource polyphenism might promote speciation by reducing the risk of extinction. Our underlying assumption was that any factor that reduces an evolutionary lineage's extinction risk should also tend to cause that lineage to become more diverse, because reduced extinction (i) leads to more species in a clade, each of which provides additional opportunity for speciation, and (ii) gives the lineage more time to diversify. Thus, reduced extinction could indirectly lead to greater species richness through greater numbers of lineages and more time to diversify per lineage.
As we noted in §1, one way in which resource polyphenism might increase species persistence is by increasing the geographical range over which the species occurs. Generally, evolutionary lineages with broader geographical ranges appear to be less vulnerable to extinction (Jablonski 1986) .
For this analysis, we used data for the two amphibian clades only (Ambystoma versus Dicamptodon and Spea versus Scaphiopus), because data on geographical ranges was incomplete for the three fish clades. We approached this problem in two ways. First, we used a replicated sister-group comparison to test whether species within Ambystoma have wider geographical ranges than do species within its sister genus Dicamptodon (the former genus has evolved resource polyphenism, whereas the latter genus has not). Specifically, we compared the number of biotic provinces occupied by species of Ambystoma to that occupied by species of Dicamptodon. We obtained ranges for each species from field guides (Conant & Collins 1998; Stebbins 2003) or the worldwide web (AmphibiaWeb 2009). We overlaid each species' range onto a map of biotic provinces of North America (obtained from Rockwell 1998) and tallied the number of biotic provinces in which each species has been documented. We reasoned that the number of biotic provinces that a species occupies would reflect more accurately its ability to colonize diverse habitats than would the size of its geographical range (e.g. a species with a large range might actually occupy a lower diversity of habitats than one that has a smaller range but that exists in more diverse habitat types). Moreover, polyphenism is expected to go hand in hand with diverse habitat use, but not necessarily with large ranges. We used a two-tailed t-test to contrast the number of biotic provinces occupied by species of Ambystoma to that occupied by species of Dicamptodon. We also conducted a separate analysis within Ambystoma where we compared the number of biotic provinces occupied by the three species of Ambystoma in which resource polyphenism has been documented (A. tigrinum, A. macrodactylum and A. annulatum) to that occupied by the 24 species of Ambystoma in which resource polyphenism has not been documented. For this analysis, we used a one-tailed, nonparametric Wilcoxon Rank Sums test (a one-tailed test was justified because we found that the genus Ambystoma occupies more biotic provinces than does its sister genus Dicamptodon in which resource polyphenism has not evolved; see §4a).
The second way in which we determined if polyphenic lineages have wider ranges was to compare the number of biotic provinces occupied by the four species of Spea. Resource polyphenism has been documented in all four species, but its expression varies from species to species, with Sp. bombifrons being the most prone to produce the distinctive carnivore morph, Sp. multiplicata being the second most prone, Sp. intermontana being the third most prone and Sp. hammondii being the least prone (D. Pfennig, unpublished data; J. Arendt 2001, personal communication). We asked if there was a significant relationship between the frequency of carnivore morph production and the number of biotic provinces a species occupies. We calculated the number of biotic provinces that each species occupies as before, and then used a non-parametric Spearman rank order correlation coefficient to determine if there was a significant relationship between the degree of expression of resource polyphenism in a particular species and the number of biotic provinces that it occupies.
RESULTS (a) Resource polyphenism and species richness
All five clades in which resource polyphenism has evolved are more species rich than their sister clades in which resource polyphenism has not evolved (figure 3). The overall trend was statistically significant (p ¼ 0.03) and robust to randomization of character state across the phylogeny (Read & Nee 1995) .
(b) Resource polyphenism and geographical range As predicted, lineages in which resource polyphenism has evolved tend to occur in more diverse habitat types than comparable lineages that lack resource polyphenism. In particular, we found that different species of Ambystoma (a genus in which resource polyphenism has evolved) occupy a greater number of biotic provinces than did species of Dicamptodon (a genus in which resource polyphenism has apparently not evolved; mean + s.e.m. number of biotic provinces occupied by Ambystoma: 1.85 + 0.33; number of biotic provinces occupied by Dicamptodon: 1 + 0; p ¼ 0.016, two-tailed t-test; figure 4). We also found that the three species of Ambystoma in which resource polyphenism has been documented occupy a greater number of biotic provinces than do the 24 species of Ambystoma in which resource polyphenism has not been documented (mean + s.e.m. number of biotic provinces occupied by species of Ambystoma in which resource polyphenism has been documented: 4.67 + 2.33; number of biotic provinces occupied by species of Ambystoma in which resource polyphenism has not been documented: 1.5 + 0.88; p ¼ 0.033; one-tailed Wilcoxon Rank Sums test; figure 4).
Finally, there was a significant, positive relationship between the degree to which resource polyphenism is expressed in different species of spadefoot toads and the number of biotic provinces that each species occupies (p , 0.0001; Spearman rank order correlation coefficient ¼ 1.0; figure 5).
DISCUSSION
We found that fishes and amphibian taxa in which resource polyphenism has evolved are more species rich than their sister taxa in which resource polyphenism has not evolved (figure 3). These data are therefore consistent with the hypothesis that resource polyphenism increases species richness.
These findings must be interpreted with caution, however, for at least two reasons. First, for most of the clades in our analysis that contain resource polyphenism, we cannot say if the resource polyphenism evolved before or after the clade diversified. This Figure 3 . Five replicated sister-group comparisons showing the species richness of different fishes and amphibian taxonomic groups in which resource polyphenism has evolved compared with that of their sister taxa in which resource polyphenism has not evolved. Shown are comparisons for (a) two subfamilies of salmonid fish; (b) two tribes of cichlid fish; (c) two genera of salamanders; (d) two genera of sunfish; and (e) two genera of spadefoot toads. In each case, the taxonomic group in which resource polyphenism has evolved is shown to the left of its sister group in which resource polyphenism has not evolved. The species richness of each clade is shown along with the number of species in which resource polyphenism has been documented (in parentheses). For clades in (c), (d ) and (e), bold type signifies the species in which resource polyphenism has been documented (for the species not in bold type, we cannot say with certainty whether they are, or are not, polyphenic). For all five comparisons, the clade containing resource polyphenism is more species rich than its sister clade. For sources of information, see appendix.
uncertainty arises because resource polyphenism has been documented in only a minority of species in most clades (spadefoot toads were the sole exception). Such a pattern is not surprising for two reasons. First, resource polyphenism tends to be expressed only under certain environmental conditions, and most species have not been studied sufficiently thoroughly to assess whether or not they can produce a resource polyphenism. Second, as we explain in detail below, a pattern in which clades contain a mix of polyphenic and non-polyphenic species is exactly what is predicted under the hypothesis that polyphenism promotes speciation through the differential fixation of one of a series of morphs in different populations. Regardless of the reason for this pattern, for most of the clades in our dataset, we cannot preclude the possibility that resource polyphenism arose after the clade diversified. If resource polyphenism did evolve after a clade underwent an adaptive radiation, then, clearly, resource polyphenism would have played no role in the clade's adaptive radiation. Nevertheless, it is striking that in five independent comparisons, the clade in which resource polyphenism has been detected is more species rich than its sister clade in which resource polyphenism has not been reported. The probability of finding this overall pattern by chance was low (0.5 5 or 0.03, where 0.5 is the probability of finding such a pattern in any one clade).
A second reason why our findings must be interpreted cautiously is that they are correlational. Although our results are consistent with the notion that there is a relationship between resource polyphenism and species richness, they do not actually permit us to ascribe a causal link. Some uncontrolled factor may account for both the presence of the resource polyphenism and greater species richness. For example, given that taxa in which resource polyphenism has evolved tend to occur in more diverse habitats (see §4b and also below), the greater habitat diversity that these species inhabit might have promoted both the evolution of resource polyphenism and speciation.
Despite these caveats, our results nevertheless point to an association between resource polyphenism and species richness, as has been long predicted (see §1). These findings also suggest that resource polyphenism may represent a key innovation (sensu Simpson 1944 Simpson , 1953 Schluter 2000 ) that enables a lineage in which it evolves to occupy a substantially new ecological niche. As noted in §1, the invasion of a novel niche is often associated with an increase in diversity (Niklas et al. 1983; Bambach 1985) .
Ambystoma:
1.85 ± 0.33 biotic provinces Dicamptodon: 1 ± 0 biotic provinces Figure 4 . A replicated sister-group comparison of the number of biotic provinces occupied by species of Ambystoma salamanders (a genus in which resource polyphenism has evolved) compared to that occupied by species of Dicamptodon (a genus in which resource polyphenism has not evolved). The number of biotic provinces that each species is known to inhabit is given in parentheses following each species' name.
As further evidence that resource polyphenism enables species to occupy new niches, we also found that polyphenic taxa tend to occur in more diverse habitats than closely related non-polyphenic taxa (see §4b and figures 4 and 5). Again, as with the species richness data, these data are correlational and the direction of causation is unclear. On the one hand, such a pattern could arise if species that evolve resource polyphenism are able to invade more diverse habitats and, therefore, wider geographical ranges because of the presence of a resource polyphenism. On the other hand, this pattern could arise if species that occupy more diverse habitats are more likely to evolve resource polyphenism. For example, species that occupy diverse environments may be more likely to encounter the conditions that favour resource polyphenism (see §2). Although our data are consistent with the predictions we described at the outset, further work is needed to evaluate polyphenism's role in species' ranges and habitat use. Regardless of which of the above two scenarios is correct, our data indicate that species with resource polyphenism have broader habitat ranges. Given the association between resource polyphenism and species richness (figure 3), we now turn to the important issue of how resource polyphenism might actually promote species richness. The species richness of a particular clade reflects the difference within that clade between the rate of speciation (i.e. the 'birth' of new species) and the rate of extinction (i.e. the 'death' of existing species). Resource polyphenism might affect both processes. In particular, resource polyphenism might increase a clade's species richness by increasing the rate of speciation or by decreasing the rate of extinction.
We begin by discussing resource polyphenism's possible impacts on speciation. To do so, it is useful to view speciation as a three-stage process (Freeman & Herron 2007) : an initial step that begins when gene flow is disrupted between populations, such that they become genetically isolated from each other; a second step that arises when selection, drift and mutation act on isolated populations differentially, thereby causing them to diverge from one another; and a final step in which reproductive isolation evolves between populations, such that they either no longer interbreed, or, when they do, they fail to produce viable, fertile offspring. As we describe in detail below, the evolution of a resource polyphenism potentially facilitates each of these three stages.
First, the evolution of alternative resource-use morphs will frequently cause populations that differ in expression of such morphs to become physically separated and thereby genetically isolated from each other. Alternative morphs often differ in the locations and times that they seek their separate resources. Consider, for example, the situation in many Nearctic lakes, where conspecific fishes may occur as distinct, environmentally triggered benthic and limnetic morphs ( figure 2b; see  §2) . These two morphs, although sympatric, typically forage in different locations within the same lake: the limnetic morph forages on zooplankton in the open water of the lake, whereas the benthic morph forages on invertebrates in the littoral zone of the lake ( . Relationship between geographical range and the expression of resource polyphenism in spadefoot toads (genus Spea). The four species that comprise the genus are arranged according to their tendency to express a resource polyphenism among their larvae (Sp. hammondii is least likely and Sp. bombifrons is most likely). The height of the bars is proportional to the number of biotic provinces that each species occupies (the geographical range of each species is shown above each bar). Robinson & Parsons 2002) . Thus, once a resource polyphenism evolves, individuals from different populations that differ in their propensity to express each morph will not encounter each other as frequently as members of the same population. In this way, the evolution of a resource polyphenism promotes genetic isolation between populations, which is speciation's first stage. Second, the evolution of a resource polyphenism also results in populations diverging from each other; i.e. speciation's second stage. In particular, once alternative morphs arise, natural selection promotes further divergence between them by favouring morph-specific traits that enhance each morph's ability to use its particular resource type and/or to survive in its distinctive habitat. For example, in stickleback fishes, which occur as sympatric benthic and limnetic morphs, the benthic morph is a larger, deeper bodied fish with fewer, shorter gill rakers. By contrast, the limnetic morph is a smaller, more fusiform fish with longer, more numerous gill rakers. These features appear to be adaptations for each morph's distinctive lifestyle (e.g. Schluter 1993; Walker 1997; Blake et al. 2005) . In essence, once such alternative morphs arise, selection improves their functionality by favouring morph-specific traits that render each morph more effective at occupying its particular niche. This process could arise through genetic accommodation (WestEberhard 2003) or through differential sorting of standing genetic variation Barrett & Schluter 2008) . Whatever their causes, morph-specific adaptations characterize all resource polyphenisms. Such adaptations can contribute to the accumulation of genetic differences between populations that differ in their expression of resource polyphenism that, in turn, promotes further divergence. Indeed, there are numerous cases in which potentially sympatric populations appear to be diverging from one another genetically owing to differences in resource or habitat use (reviewed in Rundle & Nosil 2005) . Thus, populations that differ in the expression of alternative resource-use morphs will tend to diverge from one another, thereby completing speciation's second stage.
Finally, the evolution of resource polyphenism can enhance reproductive isolation between populations, thereby completing the third stage of speciation. In particular, once populations that differ in the expression of alternative morphs begin to accumulate ecological and genetic differences, matings between such populations should produce offspring with low fitness. For example, in sticklebacks, matings between benthics with limnetics produce offspring that are intermediate in phenotype and therefore competitively inferior in either of the parental niches (Hatfield & Schluter 1999) . Similarly, in spadefoot toads, matings between individuals from different populations that differ in expression of resource polyphenism produce unfit offspring, presumably because such offspring face a mismatch with their environment . Generally, whenever offspring resulting from matings between populations are unfit, selection should favour assortative mating on population. This process of reinforcement will finalize speciation by promoting the evolution of complete reproductive isolation between populations that differ in morph expression (Servedio & Noor 2003; Coyne & Orr 2004 ).
There are no clear-cut examples from nature in which researchers have followed this entire process to completion, from initial genetic isolation to the evolution of reproductive isolation. Such examples are likely to be hard to come by, given how long it is thought to take for complete reproductive isolation to evolve (Coyne & Orr 1989) . Nevertheless, laboratory experiments with fruitflies support the scenario for speciation outlined above (e.g. Rice & Hostert 1993; Higgie et al. 2000) . Moreover, complete or partial reproductive isolation has been found in several natural systems that express resource polyphenism. For example, in sticklebacks, benthic and limnetic ecomorphs have repeatedly become reproductively isolated from one another in freshwater lakes along the coast of British Columbia (see Rundle & Schluter (2004) for a review of the evidence), and populations of spadefoot toads that differ in their expression of resource polyphenism similarly appear to be evolving reproductive isolation Rice & Pfennig in press ). Furthermore, plasticity may have contributed to the divergence in both systems (in sticklebacks: Day et al. 1994; Wund et al. 2008 ; in spadefoot toads: Pfennig et al. 2006) . Ironically, it is also possible that there are no clearcut examples from nature in which researchers have followed this entire process to completion, not because it happens too slowly to detect, but because it may happen too rapidly. There are numerous cases in which only one morph in a resource polyphenism has become developmentally canalized, or 'fixed' in a population (reviewed in West-Eberhard 1989 . Once such fixation occurs in a population, it can effectively cause that population to become reproductively isolated from other, potentially sympatric populations that have not undergone similar fixation. Moreover, this process can unfold rapidly.
Fixation of one of a series of alternative phenotypes could come about through selection. In particular, if the environment changes such that one morph is no longer favoured, then selection should favour mechanisms that canalize development towards the alternative morph (e.g. Pfennig & Murphy 2000 . Furthermore, such selection should become increasingly effective in producing a better version of the newly favoured morph as it becomes expressed more frequently (West-Eberhard 1989) . Selection could bring about these changes by acting on the underlying genes and/or developmental pathways that regulate expression of resource polyphenism (e.g. there may be changes in the threshold at which a phenotypic response to an environmental signal is triggered, in the level of hormones that mediate expression of alternative morphs, or in the critical period during which external cues must be detected to produce each morph).
Alternatively, fixation could arise through genetic drift. As one phenotype is expressed continuously in a population, and as the alternative phenotype is never expressed, alleles that regulate expression of this 'hidden' phenotype would not be exposed to selection, and thus are at risk of chance loss through drift (Masel et al. 2007) . Such drift would be especially potent in small, isolated populations.
Regardless of how fixation arises, once populations diverge in morph expression, matings between them will generally result in offspring that perform poorly. Such poor performance could occur because matings between individuals from different populations that differ in morph expression would likely produce offspring that are poorly adapted to either population's particular environment (see above). Consequently, selection should favour assortative mating based on population and thereby finalize the speciation process by promoting the evolution of complete reproductive isolation.
Polyphenism should lead to especially rapid speciation because speciation's first two stages (isolation and divergence) occur simultaneously. Moreover, fixation should occur rapidly when the environment strongly influences the production of alternative morphs (West-Eberhard 1989 . When alternative phenotypes are environmentally induced, a sudden change in the environment can immediately induce or select for a single alternative phenotype (see Pfennig & Murphy 2000) . Although the initial 'phenotypic' fixation (in which only one phenotype is expressed) can be entirely non-genetic in nature, this fixation process is likely to promote rapid genetic changes. In particular, once one morph is expressed, selection should then favour those alleles or gene combinations that best stabilize, refine or extend the newly favoured morph's expression through genetic accommodation (for possible examples, see Ledó n-Rettig et al. 2008; Wund et al. 2008) . West-Eberhard (2003) provides numerous instances in which the differential fixation of alternative morphs in different populations may have led to rapid speciation.
The above discussion focused on how resource polyphenism increases species richness by promoting speciation. Resource polyphenism might also increase species richness indirectly by reducing the risk of extinction. Because polyphenic species can occupy more diverse habitats (see §4b and figures 4 and 5), they may be less restrictive in their habitat requirements and therefore less likely to experience chance extinction owing to habitat change or loss. Indeed, taxa with wider geographical ranges are generally less likely to go extinct ( Jablonski 1986) . Thus, by enabling a lineage to occupy a wider range of habitats, resource polyphenism may reduce the lineage's risk of extinction. By reducing the extinction risk of individual lineages in a particular clade, resource polyphenism should also tend to promote greater species richness in that clade, because reduced extinction (i) leads to more species in a clade, each of which provides additional opportunity for speciation, and (ii) gives the clade more time to diversify. Therefore, not only might resource polyphenism facilitate the formation of new species, it might also maintain existing species by reducing their risk of extinction.
Further research is needed to determine the degree to which resource polyphenism increases species richness by facilitating speciation as opposed to buffering existing lineages from extinction. Both routes, alone or in combination, could explain why clades in which resource polyphenism has evolved are more species rich. Regardless of how resource polyphenism increases species richness, our results reveal that resource polyphenism may play a key role in facilitating diversification and that species in which resource polyphenism has evolved may be predisposed to diversify. D.W.P. devised the basic idea, both authors carried out the analyses, and D.W.P. wrote the manuscript. We thank K. Pfennig, P. Wainwright, C. Ledó n-Rettig, R. Martin and two anonymous referees for comments on the manuscript and J. Burns, S. Price and J. Wiens for advice on the analyses.
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